Motor Demonstration Using a Hand-

Cranked Genecon

U.S. Naval Academy, Annapolis, MD

Genecon is an inexpensive hand-cranked dc electric

generator. You can use it to charge a one-farad su-

percapacitor.! If you stop cranking the handle, the
capacitor will discharge, sending a current into the Genecon
and thereby causing the handle to start turning as an electric
motor. How does the current direction compare before and
after you stop cranking the handle? How does the direction of
the turning of the handle compare before and after you stop
cranking the Genecon?

A Genecon has a set of internal gears, coils, and commuta-
tors (some of which can be seen inside the translucent case in
Fig. 1) that generates an approximately steady dc voltage for a
given rate of cranking of the handle. To visualize the degree of
rectification, connect the Genecon across a 51-() resistor and
then connect the ends of the resistor to an oscilloscope with a
1-MQ input impedance.? A photograph of the resulting trace
is presented in Fig. 2 while the crank is being turned at a rate
of about 1 Hz. Riding on an average dc voltage of approxi-
mately 3 V is a superimposed ripple of 1 V peak-to-peak hav-
ing a 2-ms period. As one turns the handle faster, the dc volt-
age, ripple frequency, and ripple voltage all increase linearly,
as the careful measurements in Table I verify. The ripple is fast
enough that it gets averaged out on the timescale of seconds
of the demonstrations presented here and it therefore can be
ignored.

As described in Sec. 11 of the CASTLE Student Guide,*
supplying a current to a Genecon (for example, by connecting
it to a battery) will cause it to function as a motor and turn
the handle. Robert Ehrlich® suggests connecting a Genecon
to a 1-F capacitor instead of a battery. Charge the capacitor by
cranking the handle, say, in a clockwise direction at a moder-
ate speed of turning (to stay under the typically 5-V maxi-
mum rating of commercially available “supercapacitors”).
Connect an ammeter (on the 200-mA dc range) with the po-
larity of the leads and the rate of cranking of the Genecon ad-
justed until a charging current of about +100 mA is observed.
Project the ammeter display onto a screen using a document
camera, so the whole class can see it. When the handle is re-
leased, the capacitor begins to discharge, and accordingly the
ammeter current then reads negative. Surprisingly, the handle
of the Genecon, which is now operating as a motor, continues
to turn in the same direction as it did when you were cranking
it to charge the capacitor. That is, if it was being turned clock-
wise to generate a positive charging current, then after release
the handle will still turn clockwise, even though the current
is now in the opposite direction! (The ammeter contributes
non-negligible electric losses in the circuit, so it is a good idea
to remove the ammeter from the circuit, after having demon-
strated the sign change in the current for charging and dis-
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charging of the capacitor. Directly connecting the Genecon to
the capacitor will make the motion of the motorized handle
significantly faster than with the ammeter still in the circuit.)
Show students that the direction of rotation of the handle
does not reverse even if you temporarily freeze the handle in

Fig. 1. Photograph of a Genecon (in translucent blue with a white
handle) connected to a 1-F supercapacitor (in green).
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Fig. 2. Voltage across a 51-(Q resistor connected to a Genecon
when the handle is cranked with a period of about 1 s. The vertical
axis is voltage in 2 V per division (with 0 V along the bottom line
of vertical dashes) and the horizontal axis is time in 2.5 ms per
division. Owing to the gearing, the coils spin much more rapidly
than the handle.

Table I. Frequency at which the handle must be turned (as com-
puted by timing 20 revolutions) to give the indicated average
output signals in 1-V steps, together with the ripple voltage and
frequency (measured using the oscilloscope horizontal and verti-
cal cursors). Plotting any column against any other gives a linear
graph that passes through the origin. These data were collected
without the 51-Q2 resistor and are accurate to +5%.

average dc cranking ripple peak-to- ripple
voltage (V) frequency (Hz) | peak voltage (V) | frequency (Hz)
1 0.40 0.42 130
2 0.83 0.78 230
3 1.23 1.04 360
4 1.69 1.36 450
5 2.04 1.68 560

DOI: 10.1119/1.4895360



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302 Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display acurrently valid OMB control number

1. REPORT DATE 3. DATES COVERED
OCT 2014 2. REPORT TYPE 00-00-2014 to 00-00-2014
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Motor Demonstration Using a Hand-Cranked Genecon £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

U.S. Naval Academy,Department of Physics, Annapolis,MD,21402 REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b ABSTRACT c THISPAGE Same as 4
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



its orientation after you stop cranking it, just to demonstrate
that it is not turning because of any “rotational inertia” you
imparted to the handle when you were charging up the capac-
itor. In other words, briefly lock the handle with your fingers
after you stop turning it, show the class there are no gears or
other parts continuing to turn inside the translucent case, and
then release the handle to see the motor effect.

Ehrlich states that this constancy of the direction of rota-
tion can be explained using the “right- and left-hand rules”
for generators and motors.® That explanation is cryptic, so it
is worthwhile expanding on the details as follows. For sim-
plicity, initially represent the generator coil as having only a
single loop and neglect mechanical friction in the bearings,
so that the only source of dissipation comes from the electri-
cal resistance R. Start with the generator, as sketched in Fig.

3. Spin the coil at angular speed w, by applying torque 7,1y

Fig. 3. The Genecon operating as a generator to
charge up the capacitor via net current /.

with your hand. At the instant the coil has the indicated ori-
entation, its front vertical segment has velocity v that makes
angle 6 with the permanent magnetic field B (chosen to be
horizontally rightward in the plane of the page). Consider a
positive charge g in this segment: it is driven upward by the
quXB magnetic force. (Actually it is conduction electrons
that are mobile and that are driven downward, but the effect
is the same.) Consequently, an induced current I;,4 is gener-
ated that charges the capacitor up to some potential differ-
ence V. (Although the split-ring commutator is not drawn,
there must be one to avoid reversing the sign of the induced
current every half-cycle.”)

Fig. 4. The Genecon operating as a motor powered
by net current I as the capacitor discharges.

Next consider the motor at the same instant of orientation
as the generator, as sketched in Fig. 4. The potential differ-
ence V of the capacitor drives an external current I in the
coil, opposite in direction to the induced current in Fig. 3.
This current in the permanent field B gives rise to the indi-
cated force Fypi;, = Iox; LXB on the front segment of length L
(where vector L is in the direction of the current) and hence
to a torque Ty, that spins the coil at angular speed wy, in the
same direction as in Fig. 3.

The preceding two figures explain why the direction of
rotation is the same for the generator and the motor. How-
ever, the following puzzling questions may now occur to a
thoughtful observer.

- Since the motor handle turns in the same direction needed
to charge up the capacitor, why doesn’t the capacitor get
spontaneously recharged as the motor runs?

- Why haven’t we created a perpetual motion machine?
- Isn’t Lenz’s law supposed to prevent this kind of apparent

violation of conservation of energy?

To resolve this puzzle, one can re-examine either the gen-
erator or motor and take into account the back emf3 ¢. Since
the idea is similar in both cases, it suffices to consider just

Fig. 5. A more complete sketch of the Genecon
operating as a motor than the simplified version in
Fig. 4.

the motor. Figure 5 again shows current I driven in the
Genecon by the external capacitor, along with the force Fypi,
and torque 7p;, on the coil that results from the interaction
of that external current with the permanent magnetic field
B, just as in Fig. 4. At the same time, however, one can also
consider positive charges in the front segment of the coil to
be driven upward, as in Fig. 3, which thus induces a back
current® I, 4. Since that current is reversed in direction com-
pared to Iy, the resulting magnetic force F,, and torque
Topp ON the coil are opposite Fypi, and Tpiy, respectively.
Noting that the induced current I;,q would flow clockwise in
the upper loop (containing the capacitor), the moving coil is
thus generating an emf ¢ as if it were a battery whose + and

- terminals are as labeled in Fig. 5 next to the vertical pair of
wires connecting the capacitor circuit loop to the motor coil.
(Remember that if you connect a wire loop to a battery, cur-
rent flows from the positive to the negative terminal in that
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loop outside the battery, but it is driven from the negative to
the positive terminal inside the battery.)

The net clockwise current I in Figs. 3 to 5 is thus given by
the difference between the induced emf and the capacitor
voltage divided by the resistance of the circuit,

1=V (1)
R

For the motor, V> £ so that the net current I is counter-
clockwise in Fig. 5, as labeled near the capacitor. On the other
hand, for the generator, V < £ so that the net current I is clock-
wise in Fig. 3. If the Genecon consisted of a single flat coil of N
windings, Faraday’s law states that the induced emf would be
given by the negative time derivative of the total magnetic flux
NBA cos 8 (where B and 8 are as labeled in Fig. 3, and A is the
area of the coil) so that

d 2
=—N—(B4 .
'3 > (BAcos6)

But the orientation of the coil varies with time t according to
0 = wt (assuming one defines the initial angle of the coil to be
zero), where w is the angular speed of the rotating coil. Substi-
tuting that expression into Eq. (2), one obtains

E= Bw(NA |sinwt) ) 3)
where absolute value bars have been added around the sine
function to account for the split-ring commutator. Suppose

the quantity in parentheses is averaged over time. The mean
value of sin # as § increases from 0 to 7 (for each half-cycle) is

z
: =1 ] =2
(|Slllq)avg = ;Jsm&dﬁ—; (4)
0
so that the time-average of Eq. (3) becomes
buvg = BuK, (5)

where K =2 NA is called the motor constant.!? As inspection
of Fig. 2 suggests, a Genecon actually has multiple coils in it
arranged uniformly around a 27 rotation of the armature, to
increase the frequency and reduce the peak-to-peak voltage
of the ripples compared to what one would get for a single
coil. Consequently K is some other numerical multiple of the
geometrical factor NA than 7 , but the idea remains the same.
One can also include the gearing ratio between the handle and
the armature in K, so that w refers to the directly observable
angular speed of the handle rather than that of the coils.!!
This predicted direct proportionality between &g and w has
been experimentally verified for a low-power dc motor!? and
is supported by the data in Table I.

Equation (1) implies that the net current is zero on average
when &, = V. According to Eq. (5), that occurs at a “neutral”
angular speed of the handle of

Wp =E (6)

To run the Genecon as a generator, one must turn the

handle at a greater speed, wg > wp. On the other hand, it will
run as a motor at a speed lower than this neutral rate, w,, <

wp . One could therefore say that relative to a reference frame
rotating at the neutral angular speed, the motor handle does
in fact turn in the opposite direction compared to the direc-
tion of turning of the handle when being used as a generator,
which is a satisfying conclusion. In the demonstration of
connecting a Genecon directly across a capacitor, one indeed
observes that one has to crank the handle significantly faster
to charge the capacitor than the handle turns as a motor after
you let it go. This observation leads to one final demonstra-
tion worth showing students. Connect a voltmeter on about a
5-V dc scale across the capacitor. Crank the handle until the
capacitor charges up to, say, 1 V. By now easing up on the rate
of cranking, one can hold the capacitor voltage approximately
constant at that value. One is then turning the handle at the
neutral speed corresponding to V=1V in Eq. (6). Estimat-
ing the period at which you are cranking the handle thereby
provides a means of determining the Genecon constant KB.
You are neither charging nor discharging the capacitor at this
rate of turning, so from energy conservation you are then di-
rectly feeling the mechanical power your wrist muscles must
expend to counter the dissipation into thermal energy in the
bearings of the Genecon. Dividing that power!? by the neu-
tral angular speed gives the frictional torque 74 which could
be included in a yet further improved version of Fig. 5 by add-
ingitto 7,y
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